Ultrafine iridium oxide nanorods (IrO2 NRs) were successfully synthesized using a molten salt method at 650 o C. The structural and morphological characterizations of these IrO2 NRs were carried out by powder X-ray diffraction, Raman spectroscopy and electron microscopic techniques. Compared to commercial IrO2 nanoparticles (IrO2 NPs) and previous reports, these IrO2 NRs show enhanced electrocatalytic activity to oxygen and hydrogen evolution reactions by passing either N2 or O2 gas in a 0.5 M KOH electrolyte before electrochemical measurements, including cyclic voltammetry, chronoamperometry and electrochemical impedance spectroscopy. Specifically, the current densities from the as-synthesized IrO2 NRs and commercial IrO2 NPs were measured in 0.5 M KOH electrolyte to be 70 and 58 (OER, deaerated, at 0.6 V versus Ag/AgCl), 71 and 61 (OER, O2, from -0.10 to 1.0 V versus Ag/AgCl at 50 mV/s), and 25 and 14 (HER, deaerated, at -1.4 V versus Ag/AgCl) mA/cm 2 , respectively. These results are comparable with, and in most cases, higher than reported data in the literature. Therefore, the current study reports not only a novel synthetic process for IrO2 but also a high efficient IrO2 nanostructure, and it is expected that these IrO2 NRs can serve as a benchmark in the development of active OER and HER (photo)electrocatalysts for various applications.
Introduction
The storage of renewable energy using hydrogen "fuel" has been viewed as a viable mechanism by electrolysis of water into oxygen and hydrogen fuels, but is hampered by the slow kinetics of the oxygen evolution reaction (OER). Hence there is a broad effort to improve performance of currently used materials and develop new materials. Iridium oxide (IrO2) is an effective stable electro-catalyst which can lower the over-potential and keep a remarkable current to improve the efficiency of fuel generation technologies.
1,2 Nanostructured IrO2 materials have been highlighted as the most promising electrode materials to enhance the electrocatalytic activity in both OER and hydrogen evolution reaction (HER) from the photo-electrochemical watersplitting and electrolysis. 3, 4, 5, 6, 7, 8 Nanocrystalline IrO2 and RuO2 are recognized to be the best electrocatalysts for HER and OER in both acidic and alkaline media even though a growing body of OER and HER catalysts containing abundant, inexpensive transition metals and their oxides have recently appeared in the literature. 9, 10 The continuous use of relatively expensive materials by industry is because the economics of electrolytic hydrogen production are governed mainly by catalytic performance rather than the catalyst cost and earth-abundant materials are typical not as stable. 11 Recently, Stoerzinger et al have reported the surface orientated oxygen evolution activities of IrO2 and RuO2 in O2-saturated 0.1 M KOH electrolyte at 1.53 V versus reversible hydrogen electrode. 12 The potentials range of IrO2 electrocatalysts for OER were reported from 0.77 V to 1.5 V using acidic and alkaline solutions as the electrolytes. 7, 10, 13, 14, 15, 16, 17, 18, 19 The lowest potential of IrO2 nanostructures was reported of 0.77 V for the OER in 0.1 M phosphate buffer solution using ITO electrode.
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IrO2 nanostructures have also been used widely as the electrocatalysts for the OER in proton exchange membrane (PEM) water electrolysis, 15, 16, 20 solid polymer electrolyte (SPE) 
Experimental

Materials and method
The following reagents were used in the synthesis of the IrO2 NRs by the molten salt process: 
Characterizations
The resulting fine black colored powder of the IrO2 NRs was characterized initially by PXRD on a Rigaku MiniFlex X-ray diffractometer using Ni-filtered Cu-Kα radiation. Diffraction patterns were recorded with a step size and scan speed of 0.01º and 1 s, respectively, on an aluminum sample holder. Raman scattering data was recorded by employing the back-scattering geometries on a Bruker SENTERRA RAMAN microscope with an objective of 20X optical microscope. 
Preparation of electrode materials and electrochemical measurements
The minutes to remove dissolved air from the electrolyte. Also, electrochemical measurements were run in 0.5 M KOH solution saturated with O2 toward the OER. Note that freshly prepared electrodes and electrolytes were used in each measurement and the current density of the IrO2 electrocatalysts was calculated using the geometric electro-active surface area of electrode from
Randles-Sevcik equation. 43, 44, 45 Also note that the geometric electro-active surface area of freshly prepared electrodes could vary due to the variation of amount of pasted materials on fresh glassy carbon electrode. Electrochemical impedance spectroscopic (EIS) studies were also carried in three electrode configuration using the same Metrohm Autolab electrochemical work station with the frequency ranging from 100 mHz to 100 kHz at 1.0 V in 0.5 M KOH solution.
Results and discussion
The phase purity of our as-synthesized IrO2 NRs was characterized by PXRD and Raman spectroscopy. The observed reflections from the synthesized IrO2 NRs (Figure 1a ) could be perfectly indexed with the peaks of (110), (101), (200), (111), (210) and (211) Molten salt synthetic process (i.e. using chlorides as the salts) is a significant approach to synthesize a wide variety of materials with high crystallinity, including the formation of nanospheres, nanocubes, and nanorods. The surface and interface energies between the transition metal precursors and the molten salts minimize the activation energies to form unusual morphologies of products. 46 The morphology of the nanomaterials in molten salts could be 9 influenced by various parameters including precursors, synthetic conditions, nature of the salts, diffusion of the salts, and the solubility of the constituents. [46] [47] Recently Rørviket al had reported that the sodium chloride plays a crucial role in the growth of nanorods of ternary oxides in the molten salt synthesis while no rod shaped morphology was observed without sodium chloride. 47 We observed similar phenomena here from the synthesis of the IrO2 NRs with the chloride mixture as the molten salt. The molten salt method had also been used earlier in the synthesis of nanorods of other binary, 48, 49 and ternary oxides, 47, 50, 51 but it is the first time for IrO2 as reported in this manuscript.
Electrochemical stability and gas evolution activity of the iridium oxides electrocatalysts depend on the chemical and structural nature as well as the size and morphology of the materials and their synthetic conditions. 19, 52 Crystalline metal oxides are electrochemically more stable compared to amorphous oxides materials for the gas evolution reactions. 19 However if amorphous IrO2 nanoparticles were calcined at high temperature (>550°C) then it could cause the agglomeration of the nanoparticles which may lead to increase their particle size. Therefore, calcined commercial IrO2 nanoparticles would not show enhancement of their electrochemical activity towards the OER and HER due to larger particle size. The electrochemical CV and CA measurements were carried out to evaluate the electrocatalytic activity of the IrO2 NRs and commercial IrO2 NPs toward OER and HER. Figure 4a shows the cyclic voltammograms of the IrO2 NRs with a peak window from 0 to 1.0 V versus Ag/AgCl with scan rates of 100, 50, 20 and 10 mV/s to study their redox behaviors. The peak observed at ~0.55 V could be due to the transformation of Ir 3+ to Ir 4+ . [10] [11] Noticeably, the electrocatalytic oxidation current was observed beyond this potential in the cyclic voltametric curves due to the following reaction occurs at the electrode surface: 4OH - 2H2O + 2O2 + 4e -. IrO2 NPs supported on glassy carbon electrode were also employed for the OER in acidic (0.1 M HClO4) and alkaline (0.1 M KOH) solutions at 1.5 V versus reversible hydrogen electrode (RHE) by using a rotating ring disc electrode. 10 So far, the lowest potential of IrO2 nanostructures for the OER was reported of 0.77 V using the ITO electrode from 0 to 1.4 V versus Ag/AgCl at a scan rate of 20 mVs -1 in 0.1 M phosphate buffer solution. 13 Herein, this is noteworthy that the OER starts at a much lower potential using our IrO2
NRs compared to previous reports. 10, 13 Chronoamperometry is a potentiostatic experiment and true quantitative measurements to study the electro-catalytic activity of the materials with three electrode systems at the fixed potential with time. It is important to use less energy for current generation and to find optimal oxygen generating electrocatalysts to minimize the energy loss. The chronoamperometry to the current generation depends on many aspects of electrocatalyticactive materials. For example, the dependence of electro-catalytic activity on morphological and orientation of nanostructured materials has been reported. 12, 54 Similarly, for IrO2 nanostructures, the generated current density depends on both the surface area and morphology as a conjunction of both faradaic and non-faradaic processes. In the faradaic process, charges being transferred across the electrode-electrolyte interface are governed by the Faraday's law, and electrons respectively. These results are consistent with those measured in deaerated electrolyte, and that the electrocatalytic activity of the as-synthesized IrO2 NRs is higher than the commercial and many previously reported IrO2 electrocatalysts.
Previously, IrO2 nanostructured materials have been used as an electrocatalyst with SPE in HER. 9 Meanwhile, hydrogen has been proposed as a potential replacement for our rapidly depleting fossil fuel resources. 55 Boodts and Trasatti were reported two decades ago that IrO2 is a good electrocatalyst for HER and shown the current density in the order of 10 -3 A/cm 2 . 56 Cheng et al had reported that carbon supported IrO2 and RuO2 generated current density in the range from 10 -6 to 10 -3 A/cm 2 with the scan window from -0.3 to 0.3 V using 0.5M H2SO4 as an electrolyte. 9 Therefore, HER performance of the IrO2 NRs was also evaluated by applying a negative potential versus Ag/AgCl electrode. Figure 5a shows the CV curves of freshly prepared for HER were found to be 8, 12, 14 and 25 mA/cm 2 at the potentials of -0.90, -1.00, -1.20 and -1.40 V, respectively. The generated cathodic current is directly proportional to the rate of hydrogen evolution, so the higher currents generated at -1.4 V may be due to higher electron transfer rate from electrolyte to the electrode surface compared to those at -0.90, -1.00, -1.20 V.
These results are comparable with and even higher than literature results, even direct comparison should be done with caution due to different measurement conditions. 9,56 Figure 5c shows the comparative chronoamperometric studies of the IrO2 NRs and commercial IrO2 NPs at -1.4 V versus Ag/AgCl electrode in 0.5 M KOH electrolyte. For HER, the current density of the IrO2
NRs (25 mA/cm 2 ) was found to be nearly double to that of the commercial IrO2 NPs (14 mA/cm 2 ). Therefore, the IrO2 NRs show enhanced electrocatalytic HER activity and enhanced OER activity, as discussed above, compared to the commercial IrO2 NPs and other reported work.
Conclusions
In this paper, we report the successful synthesis of ultrafine IrO2 nanorods with average diameter and length of 15 nm and 200 nm, respectively, using a facile molten salt method at 650 o C in air.
These IrO2 NRs possess enhanced electrocatalytic OER and HER activities compared to the commercial IrO2 nanoparticles after passing either N2 or O2 gas into the electrolyte before experiments, as confirmed by cyclic voltammetry and chronoamperometric measurements and supported by electrochemical impedance spectroscopic studies. Specifically, the as-synthesized IrO2 NRs generate higher OER current density (70 mA/cm 2 ) than the commercial IrO2 NPs (58 mA/cm 2 ) at 0.6 V versus Ag/AgCl electrode in deaerated 0.5 M KOH electrolyte. In 0.5 M KOH electrolyte saturated with O2, the OER current density of the IrO2 NRs and IrO2 NPs were found to be 71 mA/cm 2 and 61 mA/cm 2 , respectively. Moreover, in 0.5 M KOH deaerated electrolyte, the HER current density of the IrO2 NRs (25 mA/cm 2 ) was found to be nearly double to that of the commercial IrO2 NPs (14 mA/cm 2 ). These current densities are comparable with, and in most cases, higher than reported results in the literature, while the synthesis method employed here for these IrO2 NRs is much more facile, cost-efficient and environmentally-friendly.
